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摘要 
白骨壤(Avicennia marina)作为红树林的先锋树种，广泛分布于海岸河口的
低潮带，其独特的生物学和生态学特性为探索红树植物对重金属耐受性的分子
机理提供了最佳的研究对象。红树林生态系统虽然承受大量重金属污染物胁
迫，但对重金属污染物却表现出很强的耐受性和抗性，其中白骨壤对重金属的
耐受性较其他红树植物更为突出。本研究以红树植物白骨壤为材料，研究重金
属污染物镉(Cadmium)胁迫下的白骨壤幼苗基因表达差异，寻找与重金属耐受
性相关的候选基因，并为红树植物的基因组研究建立相关的基因文库。 
生长 9 个月的白骨壤幼苗，用含 2ppm CdCl2 的 Hoagland 营养液培养，分
别取 0 d、1 d、3 d、7 d 和 14 d 叶片提取总 RNA，以镉处理的幼苗和未处理的
幼苗作为实验材料构建 SSH cDNA 文库。使用原子吸收分光光度计测定 2ppm
镉处理下白骨壤幼苗 0 d、1 d、3 d 和 7 d 的叶、茎和根镉含量，发现白骨壤叶
片中的镉含量随处理时间的延长而升高；茎中的镉含量随处理时间的延长而升
高但在第七天的时候却出现了一个下降的趋势；根中的镉含量在第一天达到最
大值，然后下降趋于平稳；白骨壤各组织中的镉含量：根＞茎＞叶。 
经斑点杂交筛选的 383 个克隆进行测序，获得 383 条高质量的 EST，结果
经 Blast2go 分析拼接得到 45 个 contig 和 54 个单一序列，合计 99 条装配序列，
其中 46 条序列来自正库，53 条序列来自反库。这些克隆经生物信息学分析，
按生物进程分类，正库中 40 条序列可分为 10 大类：单一生物过程、细胞过
程、代谢过程、发育过程、多细胞生物过程、免疫系统过程、生物调节、定
位、细胞组件和应激反应；反库中 49 条序列可分为 11 大类：单一生物过程、
代谢过程、细胞过程、发育过程、多细胞生物过程、应激反应、细胞组件、生
物调节、定位、信号和生长。按照分子生物学功能分类，正库中 40 条序列可分
为 14 类：转移酶活性、水解酶活性、氧化还原酶活性、基质特异性转运活性、
跨膜运输活性、异构酶活性、有机环状化合物结合、小分子结合、糖类衍生物
结合、蛋白质结合、硫化物结合、杂环化合物结合、离子结合和酰胺结合；反
库中 49 条序列可分为 13 类：氧化还原酶活性、水解酶活性、转移酶活性、裂
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解酶活性、抑制酶活性、肽调节酶活性、离子结合、有机环状化合物结合、杂
环化合物结合、小分子结合、糖类衍生物结合、脂质结合、核糖体结构组分。
按细胞组分分类，正库中 40 条序列可分为 6 类：细胞、细胞器、大分子复合
物、细胞膜、胞外区域和胞外基质；反库中 49 条序列可分为 7 类：细胞、胞外
区域、细胞器、细胞膜、共质体、细胞连接和大分子复合物。 
从 SHH cDNA 文库的正反库中挑取了各 4 个共计 8 个代表性的基因(Fc01, 
Fs01, Fs07, Fs12, Rs08, Rs18, Rc15, Rc24)进行荧光定量 PCR 检测其在镉胁迫下
的表达情况，结果显示这些基因的表达量明显受镉影响。正库中挑取的基因
Fc01 在镉胁迫下白骨壤的茎、叶中上调表达，根中表达变化不明显；Fs01 在镉
胁迫下白骨壤的根茎叶中都上调表达，尤其在根中上调表达最为明显；Fs07 在
镉胁迫下白骨壤的叶中上调表达，但是茎没有出现上调表达，根中呈现下调表
达；Fs12 在镉胁迫下白骨壤的叶、茎没有出现上调表达，根中呈现先下调表达
后恢复的情况；反库中挑取的基因 Rs08 在镉胁迫下白骨壤的根和茎中出现下调
表达，但是在叶中上调表达；Rs18 在镉胁迫下白骨壤的叶中上调表达，在根和
茎中表达量很少，但也呈现下调表达；Rc15 在镉胁迫下白骨壤的叶中第一天下
调表达，随后上调表达；Rc24 在镉胁迫下白骨壤的根和茎中均下调表达。 
在 SSH 筛选文库片段基础上，结合荧光定量 PCR 的结果，挑选了 4 个在
镉胁迫下白骨壤叶片中上调表达的基因(Fs01、Fs12、Rs08、Rs18)扩增全长并
进行生物信息学分析，获得 Fs01 基因全长 727 bp，ORF 区编码 77 个氨基酸，
序列分析结果显示 Fs01 编码白骨壤 PSK 基因；Fs12 基因全长 1958 bp，ORF
区编码 508 个氨基酸，序列分析结果显示 Fs12 可能编码 Nramp3 基因；Rs08 基
因全长 1404 bp，ORF 区编码 330 个氨基酸，序列分析结果显示 Rs08 可能编码
过氧化物酶基因；Rs18 基因全长 1545 bp，ORF 区编码 383 个氨基酸，序列分
析结果显示 Rs18 可能编码果胶裂解酶。对白骨壤重金属耐受性相关基因
Fs01、Fs12、Rs08、Rs18 进行了全面的生物信息学分析，预测了它们的 ORF、
氨基酸以及结构、蛋白质二级结构、信号肽、跨膜结构、疏水性及亚细胞定
位，有助于分析红树植物白骨壤重金属耐受性相关基因发挥作用可能的机制。
这些多样性的基因表明重金属污染物导致红树林植物一系列复杂的生理响应反
应，这可能是进一步阐明红树植物重金属耐受性分子机制的有效方法。 
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Abstract 
The halophytic Avicennia marina (Forsk.) is useful for the study of molecular 
mechanisms behind heavy metal pollutant tolerance in mangrove trees. Although 
mangrove ecosystems receive a number of pollutants from their related drainage and 
rivers, they possesses a great tolerance for heavy metal pollution. Avicennia species is 
thought to exhibit greater metal accumulative and tolerance properties than other 
mangrove species.  
To isolate these tolerance-associated genes from mangrove plants, a cDNA library 
of the Avicennia marina (Forsk.) leaf was constructed and screened for stress-related 
genes by polymerase chain reaction (PCR)-based suppressive subtractive hybridization 
(SSH). After reverse northern blotting analysis and sequencing, a total of 46 and 53 
non-redundant differentially expressed sequence tags (ESTs) were obtained from the 
forward and reverse libraries, respectively. Among these up-regulated ESTs, 99 unique 
clones were considered, identified and classified. In the forward subtracted cDNA 
library, within the biological process category, the 40 unigenes were classified into ten 
primary categories, including single-organism process, cellular process, metabolic 
process, developmental process, multicellular organismal process , immune system 
process, biological regulation, localization, cellular component organization or 
biogenesis, and response to stimulus. Within the molecular function category, they were 
classified into fourteen categories, including transferase activity, hydrolase activity, 
oxidoreductase activity, substrate-specific transporter activity, transmembrane 
transporter activity, isomerase activity, organic cyclic compound binding, small 
molecule binding, carbohydrate derivative binding, protein binding, sulphur compound 
binding, heterocyclic compound binding, ion binding, and amide binding. In cellular 
components, the most representative categories were cell, organelle and 
macromolecular complex. Membrane and extracellular region were also represented. 
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Extracellular matrix annotations were fewer. In the reverse subtracted cDNA library, 49 
of the 53 contigs matched homologous sequences with identities of 51–98%. And also 
within the biological process category, the 49 unigenes were classified into eleven 
primary categories, including single-organism process, metabolic process, cellular 
process, developmental process, multicellular organismal process, response to stimulus, 
cellular component organization or biogenesis, biological regulation, localization, 
signalling, and growth. Regarding the molecular function, they were classified into 
thirteen categories, including oxidoreductase activity, hydrolase activity, transferase 
activity, lyase activity, enzyme inhibitor activity, peptidase regulator activity, ion 
binding, organic cyclic compound binding, heterocyclic compound binding, small 
molecule binding, carbohydrate derivative binding, lipid binding, and structural 
constituent of ribosome. In cellular components, the most representative categories 
were cell, extracellular region, organelle and membrane. Symplast and cell junction 
were also represented. Macromolecular complex annotations were fewer. 
Eight genes from different categories were selected and their expression was 
studied by real-time RT-PCR. Expression levels were confirmed for all eight transcripts, 
which suggests that these genes contribute to the heavy metal pollutant tolerance of this 
plant. The expression levels of Fc01 and Fs12 up-regulated in the leaf, stem and root of 
the Cd2+ treated plants. Expression levels of Fs01 up-regulated in the leaf, stem and 
especially so in the root. Expression levels of Fs07 up-regulated in the leaf, but not in 
the stems and roots (Figure 6). Expression levels of Rs08 down-regulated in stems and 
roots. Expression levels of Rs18 up-regulated in the leaf, but up-regulated in the root 
and stem. Expression levels of Rc24 also down-regulated in the roots. On the other 
hand, expression levels of Rc15 in the root up-regulated in the first day and then down-
regulated, firstly in the stem, with the leaf down-regulating in the first day then 
upregulating afterwards. The diversity of these genes indicated that heavy metal 
pollutant stress resulted in a complex response by mangrove plants. Moreover, most of 
the up-regulated ESTs were identified so as to obtain a comprehensive picture of the 
heavy metal pollutants tolerance response in the plant at the level of gene. This could 
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prove a useful approach for further elucidating the molecular mechanism underlying 
salt tolerance. 
 
Keywords: Differentially expressed genes; Heavy metal pollutant tolerance; 
Suppression subtractive hybridization; Avicennia marina 
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